Background: Ricin is known as a potential bioterrorism agent without efficacious therapeutic treatments. Results: Baicalin can inhibit the activity of ricin both in vitro and in vivo by inducing ricin to form oligomers. Conclusion: The protective effect is better than antibodies and other inhibitors. Significance: This work offers promising leads for the development of therapeutics against ricin.
Toxic ribosome-inactivating proteins abolish cell viability by inhibiting protein synthesis. Ricin, a member of these lethal proteins, is a potential bioterrorism agent. Despite the grave challenge posed by these toxins to public health, postexposure treatment for intoxication caused by these agents currently is unavailable. In this study, we report the identification of baicalin extracted from Chinese herbal medicine as a compound capable of inhibiting the activity of ricin. More importantly, post-exposure treatment with baicalin significantly increased the survival of mice poisoned by ricin. We determined the mechanism of action of baicalin by solving the crystal structure of its complex with the A chain of ricin (RTA) at 2.2 Å resolution, which revealed that baicalin interacts with two RTA molecules at a novel binding site by hydrogen bond networks and electrostatic force interactions, suggesting its role as molecular glue of the RTA. Further biochemical and biophysical analyses validated the amino acids directly involved in binding the inhibitor, which is consistent with the hypothesis that baicalin exerts its inhibitory effects by inducing RTA to form oligomers in solution, a mechanism that is distinctly different from previously reported inhibitors. This work offers promising leads for the development of therapeutics against ricin and probably other ribosome-inactivating proteins.
As important members of the ribosome-inactivating protein (RIP) 4 family, ricin is an RNA N-glycosidase that specifically cleaves a conserved adenosine residue in 28S rRNA, leading to the arrest of protein synthesis and subsequent killing of eukaryotic cells (1) . Although ricin toxicosis is not a disease, several severe injuries both in human and animal models can develop after administration of ricin. Death caused by ricin can take up to 4 -5 days, but no efficacious therapeutic treatments are available (2) . The LD 50 value of ricin holotoxin of about 1 g/kg of body weight for mice, rats, and dogs and depending on the mode of administration, the lethal dose to human is in the 0.1-1.0 g/kg range (3) . Because it is relatively easy to obtain large quantities, ricin is a potential bioterrorism agent, thus posing a grave challenge to public health (4) .
Ricin is an AB-type toxin consisting of a catalytic A subunit (RNA N-glycosidase) (RTA) and B subunit(s) important for entering cells. Internalization of ricin is mediated by the binding of its B subunit (RTB) as the galactose/N-acetylgalactosamine (Gal/GalNac)-specific lectin (5) . Once inside the cells, the vesicle containing the toxin is delivered via the retrograde transport pathway to the endoplasmic reticulum. The toxin finally reaches the cytoplasm from the endoplasmic reticulum by retro-translocation and imposes its effects on the ribosome substrate (6) , which can inhibit protein synthesis by removing an adenine at position 4324 in the sarcin/ricin domain of 28S rRNA of the 60S ribosomal subunit (7) .
Antibodies and small molecular inhibitors are currently being developed for post-exposure measures against these toxins (8) . A number of ricin-specific murine monoclonal antibodies (mAbs) have been reported (9 -11) . Among these, several ricin-specific mAbs have been humanized and used in clinical trials (12) (13) (14) . Despite this progress, it is worth noting that only a few of these mAbs have been shown to effectively treat conditions caused by ricin after intoxication has occurred (15, 17) . Similarly, few clinically effective small molecular inhibitors against this toxin have been identified. One compound has been shown to significantly protect mice against ricin challenge (18) , but its therapeutic effects remain unknown.
In this study, we identified baicalin (BAI), a compound extracted from traditional Chinese herbal medicine, as an effective therapeutic against ricin via a novel mechanism. BAI functions by inducing the formation of oligomers by RTA, which results in the loss of the N-glycosidase activity of the toxin. BAI may be used as a promising candidate for the treatment of ricin.
EXPERIMENTAL PROCEDURES
Chemicals and Reagents-BAI was purchased from Sigma, and the stock solutions were prepared in dimethyl sulfoxide (DMSO) (Sigma). For animal experiments, BAI was dissolved in sterile PBS.
Isolation and Purification of Ricin-Ricin holotoxin was extracted and purified from seeds of castor bean (Ricinus communis) as described (19) . Briefly, crude toxin was extracted using ammonium sulfate precipitation and then the toxin was applied to a p-aminobenzyl 1-thio-␤-D-galactopyranoside-agarose column and washed with PBS buffer; ricin and agglutinin were eluted with 0.5 M galactose. Ricin was separated from agglutinin using a Superdex 75 column (19) . After dialyzing against PBS buffer, ricin was stored at Ϫ80°C.
Expression and Purification of RTA and Its Mutants-The cDNA encoding WT-RTA protein was amplified using genomic DNA of R. communis seeds as template. Two restriction endonuclease sites (BamHI and XhoI) were attached to the 5Ј ends of the primers to facilitate subsequent cloning. The purified PCR product was digested with BamHI and XhoI overnight and cloned into the pGEX-6P-1 expression vector (Merck) that had been treated with the same enzymes, resulting in the recombinant plasmid pGEX-6P-1-rta. The mutations were introduced by site-directed mutagenesis, and all mutations were verified by double strand DNA sequencing. Primers used for introducing the mutations are listed in Table 1 .
RTA and its mutants were expressed in Escherichia coli BL21(DE3) in LB medium. Protein expression was induced by 1 mM IPTG (final concentration) when the cultures grew to an A 600 of ϳ0.6, and the induction was allowed to proceed for 6 h at 37°C. Cells harvested by centrifugation were lysed by sonication in PBS buffer, and the insoluble fraction was removed by 30 min of centrifugation at 18,000 ϫ g at 4°C. Cleared supernatant was loaded into 2-ml affinity column of self-packed GST beads (GE Healthcare). The column was washed with 200 ml of wash-ing buffer (lysis buffer with 200 mM NaCl). The bead-GST-RTA complex was incubated with PreScission protease (GE Healthcare) at 4°C overnight to remove the GST tag. Full-length RTA protein with 5 extra residues (GPLGS) in the N-terminal end was eluted with the lysis buffer. The protein was then desalted by passing through a Sephadex G-25 column (GE Healthcare). The desalted sample was purified using a HiTrap Q 1-ml column (GE Healthcare) with 25 mM glycine, pH 9.4, 0 -1 M NaCl; protein was further purified using a Superdex 75 16/60 column (GE Healthcare) on an AKTA system. Fractions containing target protein were pooled and stored at Ϫ80°C for subsequent applications.
Cell Free Translation Assay-TNT-coupled reticulocyte lysate systems and luciferase assay systems (Promega, Madison, WI) were used to measure the toxicity of ricin in protein synthesis. 10 ng of ricin (20) and BAI ranging from a concentration of 9 M to 72 M were added to the reaction system according to the manufacturer's directions. After incubation for 90 min at 30°C in a water bath, the reaction was terminated by placing the plates on ice and analyzed by the luciferase assay system.
Cell Based Assay for Protection against Ricin-HeLa cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 3 mM glutamine, antibiotics (100 units/ml penicillin and 100 units/ml streptomycin), 10% heat-inactivated fetal bovine serum, at 37°C in 5% CO 2 in a humidified incubator. For the assay, HeLa cells were plated into 96-well plates at a density of 1.5 ϫ 10 4 cells per well in DMEM and incubated for 16 h at 37°C in 5% CO 2 . The cells were incubated with 1 ng/ml ricin (capable of killing about 80% of cells as determined in pilot experiments) with BAI at different concentrations for 72 h at 37°C. Negative controls without toxin were similarly established. Cell viability was evaluated by lactate dehydrogenase (LDH) release using a cytotoxicity detection kit (LDH) (Roche Applied Science) according to the manufacturer's directions. Plates were read on a microplate reader (TECAN, Austria) at 490 nm. To measure the effect of baicalin on cell viability, cells were incubated with various concentrations of the compound for 2 h, and viability was then evaluated spectrophotometrically at 490 nm using the nonradioactive cell proliferation assay kit (Promega, Madison, WI) following the manufacturer's instructions.
Mice Injection Protocols-All animal studies were performed according to the Regulations for the Administration of Affairs Concerning Experiments Animals (1988.11). The experimental protocols were approved and supervised by the Institutional Animal Care and Use Committee (IACUC) of Jilin University.
For lethality assay, 8-week-old BALB/c mice weighing 16 -18 g obtained from the Experimental Animal Center of Jilin University (Changchun, China) were injected intraperitoneally with 100 l of sterile PBS or ricin. For mortality studies, mice were administered ricin at a single dose of 500 ng per mouse (ϳ2 ϫ LD 50 ). 6 h after injection, the infected mice were administered 100 mg/kg BAI subcutaneously and then at 6-h intervals. Mice were weighed every day after infection.
Measurement of Blood Glucose-For measurement of blood glucose, mice were euthanized, and blood samples were taken from the saphenous vein 72 h after injection. Blood glucose 
level was determined by use of a handheld glucometer (AccuChek Advantage, Roche Diagnostics). Cytokine Detection in Livers-Livers were dissected from mice with different treatment 72 h after injection. Livers were placed in PBS buffer and homogenized using a tissue homogenizer. Following centrifugation, supernatants were collected and stored at Ϫ20°C until analysis. Cytokine levels were measured using an enzyme-linked immunosorbent assay (ELISA) by specific mouse ELISA kits (BioLegend).
Crystallization of RTA-Inhibitor Complexes-Purified RTA in a buffer (75 mM Tris-HCl, pH 8.9, 10 mM ␤-mercaptoethanol, 1 mM EDTA) was concentrated to about 4 mg/ml using an Ultrafree-15 centrifugal filter (Millipore). Initial crystal screening was performed at 16°C in 96-well plates by the hangingdrop vapor diffusion method using the sparse matrix screening kits from Hampton Research, followed by a refinement of the conditions through the variation of precipitant, pH, protein concentration, and chemical additives. In particular, 2-l droplets were prepared on siliconized coverslips by mixing 1 l of protein solution (4 mg/ml) and 1 l of the reservoir solution (0.2 M ammonium sulfate, 0.1 M sodium acetate, pH 4.6, 10% (w/v) PEG 4000) before equilibrating against 200 l of the reservoir solution. The compound BAI was dissolved in the RTA stock solution at 10 mM and soaked into RTA crystals. After soaking for 7 days, the crystals were mounted for x-ray data collection.
X-ray Diffraction Data Collection and Structure Determination-The BAI-soaked RTA crystals was harvested from the drop and briefly soaked for 5 s in a cryo-protectant containing the reservoir solution and 15% glycerol before being mounted for x-ray diffraction. Crystals with the highest resolution were flash-frozen in liquid nitrogen before diffraction data were collected at Beamline 17U of the Shanghai Synchrotron Radiation Facility at 100 K. Data were processed using the HKL2000 program package (21) , and relevant statistics were summarized in Table 2 . The soaked crystals were in the same space group of P4 1 2 1 2, with very close cell dimensions as to the native RTA crystals.
We used the crystal structure of RTA (PDB code 1J1M) as the search model and program Phaser (22) was applied to solve the crystal structure of the RTA-BAI complex. The structure of the BAI molecule was placed and modeled by the guidance of the F o Ϫ F c electron density map, where F o and F c are the observed and calculated structure factors, respectively. Automatic and manual adjustment and refinement were carried out with crystallographic programs REFMAC (23), Phenix (24) , and COOT (25) . At the final stage, water molecules were added to the F o Ϫ F c map peaks ( Ͼ2.5) where they could form reasonable hydrogen bonds with nearby amino acid residues. The final refined RTA-BAI crystal structure was validated by program PROCHECK (26), with no residue located at the disallowed region of the Ramachandran plot, and statistics for structure refinement have been summarized in Table 3 . Structural analysis was performed by program EdPDB, and structure figures were generated by PyMOL (DeLano Scientific LLC). The coordinates and structure factors of RTA-ricin complex structure was deposited in Protein Data Bank with the PDB code 4Q2V.
Analytical Ultracentrifugation-Sedimentation velocity analysis was performed on a Beckman XL-I analytical ultracentrifuge at 20°C. Protein samples were diluted with RTA buffer to 400 l at an A 280 nm absorption of about 0.70; BAI was preincubated with protein samples at a molar ratio of about 300:1 for 30 min. Samples were loaded onto a conventional double-sector quartz cell and mounted in a Beckman four-hole An-60 Ti rotor. Data were collected at 262,000 ϫ g at a wavelength of 280 nm. Interference sedimentation coefficient distributions were calculated from the sedimentation velocity data using the SEDFIT software program.
Statistical Analysis-When necessary, the experimental data were analyzed by the independent Student's t test with SPSS 14.0 statistical software (SPSS Inc., Chicago, IL), and a p value less than 0.05 was considered to be statistically significant. The statistical analysis for survival was measured by the log rank test.
RESULTS
Baicalin Inhibits the Toxicity of Ricin to Cultured Cells-To identify natural compounds capable of inhibiting the toxicity of RIPs, we initiated a cell-based assay (27) to screen chemicals extracted from Chinese herbal medicine. Purified ricin (purity Ͼ90%) was added to HeLa cells pretreated with the testing molecules, and the toxicity was evaluated by the release of LDH. We found that baicalin (BAI, Sigma, purity Ͼ95%) (Fig. 1A) , a flavonoid from the Chinese medicinal herb Huang-chin (Scutellaria baicalensis), is able to effectively protect ricin-induced cell death (Fig. 1B) . Further analysis indicated that pretreatment with as little as 4.5 M BAI was able to significantly inhibit cell death induced by ricin. We also detected similar alleviation of the toxicity when a mixture of BAI and ricin was applied to the cells (Fig. 1C ), suggesting that this compound may directly target the toxins. At concentrations sufficient for significantly inhibiting the toxicity, BAI exerted negligible effects on cell viability; significant inhibition only was observed when 144 M was incubated with HeLa cells (Fig. 1D ). Ricin induces cell death by targeting protein synthesis; we thus examined the effects of BAI on this activity using a cell-free translation system with luciferase as readout. In reactions containing 10 ng of ricin (ϳ2 ϫ IC 50 ), as low as 9 M BAI significantly rescued the translation inhibition imposed by ricin ( Fig. 1E ). We found that the translation was restored to ϳ60% of the toxin-free controls when 72 M of the compound was included in the reactions (Fig. 1E) . These results indicate that BAI is capable of neutralizing the toxicity of ricin by interfering with its inhibitory effects on protein synthesis. BAI Therapeutically Prevents the Lethality Induced by Ricin in Mice-Given the effectiveness of BAI in in vitro inhibition of the activity of ricin, we investigated the usefulness of this compound in the protection of animals exposed to the toxin (under our experimental conditions, the LD 50 value of ricin is about 250 ng/mouse). A mouse model in which the toxin was administered by intraperitoneal injection was used. Under our experimental condition, a single dose of ricin (ϳ2 ϫ LD 50, 500 ng) led to 100% deaths within 6 days ( Fig. 2A) . These animals started to exhibit signs of tremors and ataxia 2 days after receiving the toxins, and death began to occur on the 3rd day ( Fig. 2A) . After testing several doses ranging from 50 to 300 mg/kg, we found that mice could be effectively protected by BAI at 100 mg/kg, which was then chosen for further experiments. In animals that received BAI subcutaneously, 100 mg/kg 6 h post-exposure and subsequently at 6-h intervals during the entire experimental duration, significant protection was achieved in animals exposed to ricin, in which 50% of the animals survived ( Fig. 2A) . These results established that BAI could provide effective therapeutic protection against lethality caused by ricin.
We further evaluated the therapeutic effects of BAI against the weight loss symptom associated with ricin. Mice injected with PBS or a single dose of ricin (500 ng per mouse) were monitored for body weight at 24-h intervals. In the treated group, 100 mg/kg BAI was administered 6 h after toxin injection and subsequently at 6-h intervals. As expected, in control mice receiving a saline solution, the body weight remained constant during the entire experimental duration (Fig. 2B ). In contrast, in the group injected with the toxin, the animals exhibited decreased food and water intake. Weight loss became apparent in 2 days, and the mice appeared to regain the weight after reaching the lowest point on the 4th day (Fig. 2B) ; then all the mice in the group injected with ricin died on the 5th day. Treatment with BAI delayed the occurrence of the weight loss for about 24 h; furthermore, the symptom was significantly less severe in the entire experimental duration (Fig. 2B) .
Treatment with BAI Improves Blood Glucose and Cytokine Release in Liver as Induced by Ricin-To determine whether mice were protected against ricin after administering BAI, we measured the blood glucose level after ricin challenge with or without BAI administration at 72 h after injection. The blood glucose level in mice receiving ricin alone decreased to 60.05 Ϯ 13.25 mg/dl, which was significantly lower than that from BAItreated mice (171.90 Ϯ 31.02 mg/dl). Indeed, this level is comparable with 176.72 Ϯ 28.23 mg/dl observed in control mice never injected with ricin ( Fig. 2C ).
We also examined the level of several relevant cytokines to determine whether BAI reduces inflammation accompanied by liver damage. As expected, ricin caused elevated IL-1␤, IL-6, and TNF-␣ (Fig. 2D) . Consistent with its effect in protecting liver damage, the levels of these cytokines significantly decreased in mice treated with BAI ( Fig. 2D) . Taken together, these results indicated that BAI effectively reduced the damage to the liver caused by ricin.
Baicalin Induces the A Subunit of Ricin to Form Oligomers-Our observation on the protective effects of BAI against ricin suggests that this compound exert its protection by directly targeting the toxin. To fully understand its mechanism of action, we sought to determine the structure of the complex formed by BAI and the RTA of ricin. High resolution structure of the RTA has allowed direct visualization of its active site (Fig.  3A) (28) . Because high concentrations of BAI have been proved to interfere with the crystallization of the RTA in our previous experiment, we resorted to the soaking method to obtain crystals of the complex by incubating pre-formed RTA crystals in freshly prepared reservoir solution containing 10 mM BAI. After soaking in BAI for 7 days, the crystals remained isomor-phous, which had the same space group of P4 1 2 1 2 as the native ones. Furthermore, crystals of the complex diffracted well, which allowed us to solve its structure at a 2.2 Å resolution by the molecular replacement method. Because of the lack of interpretable electron density maps at both the N-and C-terminal ends of the protein, the final structure contains residues 5-263 ( Fig. 3B) . In its complex with BAI, the RTA molecule retained identical structure to its native form (PDB code 1J1M), with a root mean square deviation of 0.367 Å.
In the structure, the BAI molecule is positioned in the highly positively charged interface of two RTA molecules, which were related by a crystallographic 2 1 helical axis (Fig. 3B ). The two identical monomers formed a buried surface area of about 700 Å 2 , indicative of only moderate packing interactions between these two monomers. In the dimer form, the formation of the oligomers linked by BAI blocked the entry to the active site of one monomer (Fig. 3B ). If oligomers were formed, the number of active sites accessible by the substrate will be drastically reduced. The structure also indicated that the binding pocket for BAI in the complex was formed by Arg-189, Thr-190, Arg-193, Tyr-194, Arg-235, and Arg-258 from both monomers ( Figs. 3C and 4) .
We also calculated the difference Fourier map based on the difference of observed structure factors in x-ray diffraction data between native and BAI-soaked crystals, with calculated phase from correctly placed RTA molecule after molecular replacement calculation. These analyses unambiguously indicated the FIGURE 2. Treatment with baicalin alleviated the pathologies induced by ricin. A, baicalin protects mice against lethality caused by ricin. Groups (n ϭ 10) of mice injected with ricin were treated with saline solution or with BAI 6 h post-toxin injection as described under "Experimental Procedures," and the survival of the animals was monitored for 6 days (d). The death of mice was followed up to 6 days after ricin injection with no additional mortalities shown in the figure. The curves for treated mice with BAI are statistically different from ricin-injected mice as evaluated by the log rank test, p ϭ 0.0001 for 100 mg/kg BAI against ricin. B, effects of BAI on body weight caused by ricin. Groups (n ϭ 10) of mice injected with ricin or control solution were administered with BAI or PBS 6 h post-toxin injection. The body weight was monitored daily for 10 days. Similar results were obtained from more than three independent experiments; *, p Ͻ 0.05; ** p Ͻ 0.01. C, effect of BAI on blood glucose level induced by ricin. The levels of blood glucose were evaluated at 72 h after treatment; n ϭ 5; *, p Ͻ 0.05; **, p Ͻ 0.01. D, baicalin reduced the production of several cytokines induced by ricin in liver. Liver tissues from relevant mice were measured for cytokines by ELISA. Note the reduction of cytokine production after baicalin treatment; n ϭ 5; *, p Ͻ 0.05; **, p Ͻ 0.01. existence of the BAI molecule at the protein packing interface, which was in great agreement with the structure (Fig. 3C) . The BAI molecule formed extensive hydrogen bonds with the side chains of 5 of the 6 residues in the binding pocket ( Fig. 4) . Specifically, the side chain of Thr-190, Arg-193, and Tyr-194 formed hydrogen bonds and ionic bonds with the carboxyl group on the saccharide ring, whereas Arg-189 formed a hydrogen bond with the hydroxyl group of BAI, which is bridged by a bound water molecule. However, Arg-258Ј from the other monomer formed two hydrogen bonds with two of the hydroxyl groups on the heterocyclic ring of the BAI molecule (Fig. 3C) . Although Arg-235 is in the vicinity of the interface between RTA and BAI, it does not appear to participate in hydrogen bond formation.
To further analyze the involvement of the several RTA residues in its interactions with BAI, we created mutants of RTA with one of the six residues (Arg-189, Thr-190, Arg-193, Tyr-194, Arg-235, and Arg-258) being replaced with alanine, respectively. None of these mutations significantly affected the potency of the toxin measured by the in vitro translation assay (Fig. 5) . Interestingly, the R189A, T190A, and R193A mutants had almost completely lost the sensitivity to BAI (Fig. 5) . Although still toxic, mutants Y194A, R235A, and R258A still responded to BAI but at detectably lower levels (Fig. 5) .
We further examined the interactions between these RTA mutants and BAI by measuring the sedimentation velocity of the complexes using analytical ultracentrifugation. Wild type RTA gave a single peak at the predicted molecular weight, indicating the presence of homogeneous monomeric molecules in the solution (Fig. 6 ). The addition of BAI to the protein solution caused tailing signals in the ultracentrifugation with a molecular mass as large as 500 kDa, indicative of the presence of heterogeneous toxin oligomers (Fig. 6 ). Consistent with their insensitivity to BAI, the R189A and R193A mutants maintained their uniform monomeric structure in the presence of BAI (Fig.  6 ). Minor but readily detectable oligomers can be detected for mutants T190A, Y194A, and R235A in the presence of BAI (Fig.  6) , which is consistent with their detectable lower sensitivity to the inhibitor. Instead of directly participating in the interactions, Arg-235 is in the vicinity of the binding pocket; this residue may contribute to the binding indirectly by stabilization of the BAI-binding pocket. BAI induced the formation of a fraction of uniform oligomers by mutant R258A. A less significant but detectable tailing was detected in mutants Y194A, R235A, and R258A (Fig. 6) , which is consistent with the loss of sensitivity to BAI by these mutants (Fig. 5 ). These mutations clearly affect the binding of BAI to ricin, which will inevitably interfere with its ability to induce protein multimerization. Thus, the insensitivity of these mutants to BAI is a result of multiple factors. Taken together, these results suggest that BAI functions by FIGURE 3 . Crystal structure of the baicalin-RTA monomer complex. A, surface representation of RTA monomer (PDB code 1J1M) as the starting model for solving the RTA-BAI complex structure. Positively charged area is colored blue, and negatively charged area is in red. The dashed line oval indicates the active site of the enzyme. B, superimposed surface and ribbon representation of two RTA monomers form a pseudo-dimer, which was related by a crystallographic 2 1 helical axis. The BAI inhibitor is represented as ball-and-stick model, which was located at the interface of two RTA monomers. C, stereo view of the binding site and the bound BAI molecule. The protein structure is in ribbon presentation, with the side chains of amino acid residues interacting with BAI presented in stick style. The F o Ϫ F c omit electron density map of BAI molecule is superimposed and contoured at 1.0 (blue) with a 1.6 Å radius coverage. Hydrogen bonds were represented as blue dashed lines, and the water molecule is represented as a red ball. directly interacting with RTA to induce its oligomerization, thus inactivating its toxicity.
DISCUSSION
Ricin isolated from castor beans poses grave challenges to public health. Because of its high toxicity and the relatively straightforward procedure to obtain large quantities, ricin is a potential bioterrorism agent (29) . Thus, there is an urgent need for agents that are clinically effective in treating intoxication caused by these toxins.
Because of the unpredictable nature of ricin poisoning, effective post-exposure therapeutics are considered the most important feature of any agent against this lethal toxin. At least two lines of evidence indicate that baicalin satisfies the requirements as a therapeutic. First, this compound is able to rescue mice from lethal doses of the toxin; second, treatment with baicalin alleviated several pathologies in the animals that are often associated with poisoning caused by ricin. This therapeutic feature distinguishes baicalin from molecules obtained by structural information-based rational design or by cell-based screenings (8, 30) , none of which has been demonstrated to be effective as a therapeutic measure. In this regard, baicalin also differs from the several highly reactive, ricin-specific mAbs against ricin developed by Mantis and co-workers (7) . These mAbs exhibit high level protection when administered prior to toxin exposure (8, 12, 14) , but their effects as therapeutics have not been documented.
Ricin opts the retrograde trafficking route to introduce the toxic subunit to the cytosol (5) . Blocking the delivery of the toxin to their cellular targets has been exploited to identify agents capable of inhibiting its toxicity. The most exciting progress in this direction was the identification of Retro-1 and Retro-2, two highly selective inhibitors for the transport of ricin to its cellular site of action (18) . Importantly, Retro-2 provided significant protection when it was administered within 1 h prior to toxin exposure (18) . However, whether this compound is similarly effective in therapeutic post-exposure use remains to be determined.
Many of the known RTA inhibitors against ricin function by blocking its enzymatic activity via occupying the active site. For example, both purine-and pterin-like molecules form complexes with RTA wherein the compound docks into its active site (3, 31) . In our study, we also screened several inhibitors that bound to the active site of ricin with in vitro activity; however, this type of inhibitor showed no in vivo activity in the mouse model. Our structural analysis revealed that rather than occupying the active site of RTA, baicalin exerts its inhibitory effects by inducing the formation of oligomers by the toxin. If the side with the entry of the active site was considered the front of the RTA molecule, baicalin-induced oligomerization appeared to occur by the positioning of the baicalin molecule between two RTA monomers in a "front-to-side" manner ( Fig. 3B ), leading to a propagated oligomerization of RTA by baicalin and blockage of the entry sites of each monomer. Several hydrogen bonds FIGURE 5 . Activity of the RTA mutants in inhibiting protein synthesis. Purified RTA mutants were measured for their ability to inhibit protein synthesis in a cell-free system; the effects of baicalin were evaluated by including this compound in parallel reactions. The results were expressed as the percentage of control reactions without toxin or baicalin. Note that for RTA, the R189A, T190A, and R193A mutants are no longer responsive to baicalin. All data represent the mean and standard error of three independent experiments. All data represent the mean and standard error of three independent experiments. **, p Ͻ 0.01. FIGURE 6. Baicalin-induced formation of oligomers by the mutants. Solutions containing indicated mutants of RTA and baicalin were subjected to analytical ultracentrifugation to estimate the molecular weight of the samples. Note the presence of almost uniform monomer in samples containing the R189A and R193A mutants.
formed between baicalin and several positively charged RTA surface residues (Arg-189, Thr-190, Arg-193, Tyr-194, Arg-235, and Arg-258) contributed to stabilizing the complex (Figs. 3C and 4). None of the residues involved in the binding contributes to the active pocket of the toxin. Predictably, mutations in these residues did not significantly affect the enzymatic activity of the RTA. Thus, the formation of the oligomers obscured the RTA active site, which blocks the access of the substrate, thus leading to lower toxicity. To some extent, the proposed mechanism of action of baicalin is akin to that of mAbs, which abolish the activity of the toxin by forming antibody-toxin complexes (32) . Clearly, the sensitivity of the RTA correlated well with the contribution of these residues in the formation of the complex; mutations in residues important for the anchoring of baicalin resulted in mutants that are markedly less responsive to the compound. Thus, our results suggest induction of toxin oligomerization as a novel mechanism of action for neutralizing the toxicity of ricin, which perhaps can be extended to other members of the RIP family.
Chinese herbs have been used for thousands of years for the treatment of many diseases, including infections. Some of these active compounds have been exploited for their anti-virulence property (33, 34) . Several questions on the activity and clinical usefulness of baicalin mandate further study. First, baicalin has previously been shown to have anti-inflammatory and anti-tumor activity (33, 35) . Whether and how such activities on the host cell contribute to its therapeutic effects remain to be determined. Second, whether baicalin can prevent the lethality of RIP toxins acquired by routes such as infections and nasal exposure remains unknown. Nevertheless, the ability of this compound to therapeutically rescue intoxicated animals represents a significant step forward in our search for agents against these dangerous toxins. From the dosage in the mouse model, the human equivalent dose is predicted to be only about 7 mg/kg according to the standard for human equivalent dose calculation based on body surface area established by the Food and Drug Administration (36) . In addition, baicalin does not display significant toxicity to mice at a dose of 15 g/kg (37) . These features indicate the low toxicity of baicalin, making it highly acceptable for application in humans. Furthermore, it can be used for further development of more effective compounds against ricin based on the structure and the mechanism of action. Finally, because baicalin and Retro-2 function by completely independent mechanisms, it will be interesting to determine how a combination of these two agents fares in the treatment of ricin intoxication.
